SEpegesBt e L
/\(‘Z‘TS/AF el = /19500 ‘

43
ok

REPORT NO
8578-950001

LOW FREQUENCY PRESSURE

OSCILLA oo e
_ TION STUDY - ksso pm 106
| ‘ . ADF? 18
Phas 1teri » s =
1ase I Interim Report 2.3 s
. . AD-G3 116
| . c 5 sss 116
July 1970 o s
R aurD == 213
) Cont. t i };PD :
.Contrac . NA \ . o s
No. NAS9-10381 G ‘
FID 9
’ FMTD 245 ;
‘ FSED 403
‘ IRD 235
5D 188
NASA HQ
ETS 18
. D 112
l FVSD 107
RIMFD 107
BSD 112
SAFETY 218
BAD-ADH il
‘ DEP ADA 111
CH. C 145
PA 134 |

SED 11
FISC 113
PEAS 120
SEC =12
‘ PRC 124
TIUD 117
| | EDIT 149
. A 1 TUO 103
: NASA-LANGLEY SEP 21 1978 PUB 180 |

|
l

P

FROM %f{;';xAL

Bell Aerospace Company.....fextronl




Bell Aerospace Company....... fexton

POST OFFICE BOX 1 BUFFALO, NEW YORK 14240

REPORT NO.
8578-950001

LOW FREQUENCY PRESSURE
- OSCILLATION STUDY

Phase I Interim Report
July 1970

S
Contract No, NASS)-10381

N PR g? . ‘
‘WRITTEN BY:Q,/. ATV A

T. Shéw

! g
WRITTEN BY: 9§ W .

A, Lytle

APPROVED BY:

(

j. M. Senneff v
Program Manager
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1.0 INTRODUCTION

Low frequency pressure oscillations (LFO), which are.the
subject of this study, have been observed during the Apollo
program on both the SPS and APS engines. These osclillations
normally display a periodic frequency, The amplitude tends to
increase and decrease in such a manner that the envelope of the
pressure/time instrumentation recordings tend to describe a shape
similar to "footballs". The general characteristics of these
oscillations are amplitudes of 10 to 50 psi, periodic frequencies
ranging from 300 to 500 Hz, -and durations from 0.1 to 2.0 seconds.
If the oscillations occur, they generally occur immediately after
the start translent overshoot. The occurrence of the oscillations
appears to be very sensitive to the amount of helium contained in
the fuel. Under extreme operating conditions of helium saturation
and chamber pressure, the start "footbali” did not dampen, resultlng
in sustalned oscillations. -

This study was undertaken to 1solate and 1dent1fy the
parameters which control the occurrence of LFO

The ObJ@Cthé of the flrst ppase of this contract was to
utilize the applicable test data gathered at Bell Aerospace Company
during the development of the LM Ascent engine to achieve such
correlations, The objective of the second phase was to modify
previously developed analogue models to make them consistent
with the observations and correlations derived in Phase I,

This document presents the results of the Phase I effort.
The effort includes a data review and analysis as well as an
assessment of the changes required to update the analogue model.
Phase I of the program has been subdivided into five tasks (A
through E). These tasks were as follows:

Task A - Review and Correlation of Past Engine Test Data

This task consisted of.a review of the engine

data generated during the Ascent engine develop-
ment program, The purpose of this data review was
to determine the relation between LFO's and
operating parameters.
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Task B - Review and Analysils of Photographlc Studies

This task consisted of review and analysis of

the photographic coverage of tests conducted on

a single element LM type triplet with and without
helium injection. The intent of this effort was
to determine the effect of helium on the operating
characteristics of the triplet tested.

Task C - Definition of Controlling Parameters and Basic
Mechanisms

1
This task consists of applying the controlling
parameters (defined in Tasks A and B) and
determining the mechanisms creating LFO's. These
theories were then tested to be applicable for
use with the analogue model.

Task D - Analogue Model‘Analysis

This task conslsts of reviewing applicable analogue
models: This consisted primarily of an evaluation
of the BAC model used to analyze LFO's during the
ascent engine development program in terms of its
basic capabilities to predict the controlling
parameters determined in Task A. The identification
‘of required changes were to serve as the basls for
the Task E recommendations.

Task E - Conclusions and Recommendations

This task provides the rationale for additional
work to be conducted in the area of LFO simulations.

This portion of the ,report is a summary of the Phase I -
information; the details for each task are reported in individual
appendiceg. The recommendations and conclusions (Task E) are
included in a separate section.

[\
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2.0 SUMMARY

A critical analysis of the data generated during the Bell
Aerospace Company's LM Ascent Engine Development Program was
conducted to 1solate and correlate the circumstances under which
low frequency oscillations were noted.

Previous analysis conducted during the development program
had indicated that sensitivity was a function of the fuel propel-
lant circult, chamber pressure (for a fixed configuration), and
the gquantity of helium in the fuel. The fuel circuit was |
identified as a controlling parameter in a series of tests where
helium was injected into the individual propellant lines. No ;
significant response was detected from the oxidizer system while
injection of helium into the fuel system produced LFO's

There appear to be discrete fuel pressure drop values below
which LFO's are always produced. The specific value is related
to the helium saturation of the fuel. This critical pressure (CAP)
is also influenced by the particular cell.in which the tests
were conducted. At an overall injector pressure drop below 27
psi, all injectors tested produced a start "football". It was
determined furthermore that the pressure drop across the injector
orifices is. the most sensitive portion of the overall value. An
orifice critical pressure drop value of approxlmately 21 psi was
found to exist when the propellants were saturated with helium at
the maximum LM tank pressure level,

The available data were derlved from tests in which
propellants containing substantial amount of helium were used.
Sustained LFO's were not found with propellants that had not
been exposed to an helium pressure environment above chamber
pressure. Furthermore, it was observed that "footballs" become
more predominant as pressurization methods were used which would‘
trap or contaln greater quantltles of helium.

A 81gn1flcant amount of ev1dence is evolving which indicates
" that, at least over pertinent portions of the operating regime,
the critical pressure drop and the local gas evolution potential
are directly related. This means that the critical pressure drop
increases as the helium saturation level of the fuel circuilt is
increased.

In terms of these observations, one can therefore propose
an explanation for the occurrence of start "footballs", which
must answer such questiong as: Why are "footballs" of 1imited
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time duration and how are they related to continuous low frequency
oscillations? It can be shown that the start "football" is
representative of the period of time when "dirty" fuel, produced
by the outgassing during the transient period, passes through the
injector. Obviously, the lower the initial saturation level of
the propellant, the smaller is the likelihood of a transient
"football'" and vice versa.  The cross-correlationship between the
injector pressure drop and the level of "dirtiness" of the pro-
pellant becomes evident from such observations that for the same
injector configuration, the start "football" duration at the same
chamber pressure would increase as the hellum saturation level

ie increased; simllarly 1t also increases as the chamber pressure
is decreased for propellants conditioned to the same saturation
value. The same general relationship has alsoc been observed for
continuous oscillations. Below a given critical pressure drop,
stabillization cannot be achieved if a saturation level correspond-
ing to 190 psl exists in the fuel; however, normal operation
proceeds if the saturation level is, for example, lowered to 140
psi. It would appear, therefore, that the start "football" and
the continuous oscillations are aspects of the same mechanism,

In either case, they represent states when the orifice pressure
drop of the injector becomes too low to stablilize the existing
level of "dirtiness" of the fuel passing through the injector.

In elther case, thermodynamic states exist where large evolution
of helium can occur, For the start "football'", this is caused

ty the temporary low ambient pressure seen during the start
transient by the propellant downstream of the trim orifices. The
saturation levels at which continuous oscillations have been
observed correspond to conditions where gas evolution can readily
occur as pressure drops are encountered anywhere in the system.
It appears that a functional relationship exists, at ranges of
hellum saturation which allow local two-phase condition at the
injector orifices to occur, which takes the form

CA = K
Flsp I

CAp 1s the critical orifice pressure drop.

where

F% is the local gas evolution potential.

K 1s a constant for a given injector.

F represents a function
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The examination of the photographic data for the single
element combustion sheds further light on These considerations.
When helium wag injected into the upstream fuel circult, oscilla-
tions in the liquid streams, the impinging point and the combustion
pattern could be observed. These osclillations were not at the
same frequency as the main chamber LFO's, however the existence
of the oscillations suggests that the coupling between the injector:
orifice flow and the combustion i1s the mechanism producing the
sustained oscillations and that the gas (helium) content is the
sustaining trigger. ‘

The examination of the Bell Analogue Model indicated that
while LFO's could be produced by manipulation of injector drop
and propellant acoustic velocity assumption, a critical pressure
drop value could not be derived. The inclusion of this criteria
into the model then became the recommendation for the Phase II
effort, The additional recommendations include a further examina-
tion of the method of coupling producing the sustained ogcillations.
The three methods of coupling suggested for further examination
include: :

1. As a result of helium evolution, the discharge .
coefficient, C., of the fuel injection orifices
changes disdon@inuously at a glven value-of back
pressure or AP. The resultant stream emission
oscillation produces a.variable rate of combustion.

. \

2. As a result of helium evolution, element blow apart,
changing the combustion rate and spatial location,
occurs 1in a discrete manner as the pressure drop or
velocity of the fuel jet varies.

3. The fuel propellant manifold upstream of the propellant
orifices and the combustion reaction zone form a
resonant system, The free gas content in the fuel
modifies the acoustic velocity of the fluid.

The portion of this program devoted to the analyses of
applicable analogue models was conducted exclusively on the
analogue model constructed by BAC and utilized to investigate
the LFO phenomena during the LM ascent engine development program.

The review and analysls of this model has indicated its
"ability to provide correlation with test data in the following
areas:

1, Simulate the LFO frequency.
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2. Correlate with fuel system variations and LFO
occurrence,

3. Correlate the observation that increased chamber
pressure reduces LFO incidence.

The BAC analogue model has also been shown to have the ability
of simulating what the work statement defines as basic require-
ments of a model. These requirements include -the abillity of
the model to simulate the following conditions and parameters.

a.

b.

Helium saturated propellants.

The pressure drops and volumes in various parts
of the injector,

The pressure drops and volumes in various parts
of the propellant feed lines, 'valve, and test
stand ' -

Changes in operating conditions such as mixture

"ratio, chamber pressure, propellant temperatures,

acoustic velocities, lmplngement angles,fuel and
ox1dlzer propellants leads

Combustion dynamlcs such as’ prbpellant stay times,
combustlon ignition delay.
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3.0 DISCUSSION

As discussed previously, 1t had been established as a
result of tests conducted during the LM ascent engine develop-
ment program that the occurrence of low frequency chamber.
pressure osclllations are related to the fuel propellant circuit
and become more sensitive at low chamber pressure and in the
presence of helium in the fuel. Utilizing this information, ‘
the existing test data were reviewed and correlations attempted
in order to define the controlling parameters and the basic
mechanisms that produce the low frequency oscillations.

Analysis Results of Task A

This effort consisted of the review and correlation of
past engine data. During this task, many correlations were
attempted in order to 1solate the variables that influence the
occurrence of both start and continuous low frequency oscillla-
tions. The approach taken was to examine the components and
.variables of the fuel circult and assesgs their influence insofar
as this was possible with the existing data. The subdivisions
of the fuel circult examined are as follows: Co
I

A, Injector Influence

1% Manifold type
Manifold volume
3; Baffle type ‘ :
) Oxidizer lead
53 Flow rate
Pressure drop

H

B, Feed System Influences

Line volume

Line pressure drop
4) Prepurge ‘
5) System response

1§ Line length

C. Operating Conditions

) Chamber pressure
)  TFeed pressure
2 Propellant temperature

FWn

Mixture ratio
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!

D. Helium Influences

1 Helium injection
2 Circulation method

The only significant correlation relative to injector
influences which could be established was with fuel injector
pressure drop. This correlation showed that within a given test
cell with a given type of helium gas saturation, low frequency
oscillations were eliminated when the fuel injector pressure
drop was increased above a critical value (Figure 1). . This
value of fuel Injector pressure drop was independent of injector
manifold volume, manifcld type, baffle type, oxidizer lead, flow
rate or design pressure drop. Figure 2 indicates the extremes
analyzed 1n injector type. s

- The value of critical fuel pressure drop was influenced by
the particular test cell used. Figure 3 is a plot of critical
fuel pressure drop for each test cell., The analysis conducted
to determine the test cell feed system influences (extreme in
feed system are shown in Figure Ag indicated that the most
51gn1flcant correlation was with the system_response parameters
of fuel feed pressure recovery time and fuel transient flow
(Figure 5). These effects are understandable when one examines
the variations in. system response noted in the fuel feed pressure
Figure 6, .

, , | ‘
The test cell effect was considered to be the result of

the low statlc pressure the fuel encounters immediately after

opening the propellant valve. As the fuel 1s accelerated the

line pressure decreases until a limiting flow is established.

The static pressure at this flow condition is substantially lower than

tank pressure and often below chamber pressure, If gas is

entrained at a tank pressure value of saturation, the lower

pressure would allow the gas to come out of solution, producing

an oscillating injection of gas and fuel. The qualifying

influence is the rate the gas goes back into solution after the

initial chamber pressure rise. The entrained gas in the fuel

at start was affected by the response of the test cell and was

considered totally responsible for the dlfferent start respcnse

traces shown in Figure 6

The operating conditions analyzed failed to yleld additional
correlations. The propellant temperature did appear to be an
influencing parameter; however, these data were masked by the
difference between hardware temperature and propellant temperature.
The tests conducted with off-nominal propellant temperatures did
not incorporate hardware temperature conditioning. Therefore,
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the effect of the propellant temperature was masked by the
nonequilibrium heat transfer condition taking place during the
start transient. .

The examination of the helium saturation methods (Figure 7)
showed a significant variation in test results (Figure 8). The
examination of Figure 8 indicates that no continuous LFO's
would be expected under normal circumstances if a saturation
pressure of 50 psi were used. The filgure also shows that a
LFO would be expected for a saturation pressure of 190 p31 when
the flow rates (AP) was reduced below 4.2 1b/sec.

Examination of data from various types of injectors
tested at the 190 psl saturation level has defined the value
of the critical pressure drop at which continuous low frequency
oscillations are produced, Figure 9 1s a tabulation of these-
injectors and thelr pressure drops during continuous low
frequency oscillations. From this figure we can see that the
injection orifice pressupe drop is approx1mately 21 psi for all
units examined. : :

On this basis some concluding observations were listed
related to hellum saturation. These observations are as
follows : : ‘

1. Continuous LFO for the same configuration, tested

at the same facility, disappear as the helium .
saturation level 1g decreased.

2. Start LFO at the same operating test conditions get
longer as the saturation level increases.

3. During a given test, an LFO was initiated and
terminated at a discrete injector AP.

4. Tt appears that a critical AP (CAp) exists that is
related to the gas evolutlion potential (Pp) in the

form
o
i pp .

where F(pp) = F indicates a function of ﬁp.

15
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Analysis Results of Task B

Task B of the contract consisted of a review and analysis
of the photographilic studies, conducted during the LM ascent
- engine development program. These were high speed photography
of a single triplet (two fuel on one oxidizer) of the type used
on the BAC injector. The objective of this test series was to
observe the effect when helium was injected into the fuel.
During the test program, three conditions were examined:

1. Triplet with no helium injection.
2, Triplet with 0.1 percent hélium injection in the "fuel.

3. Triplet with 0.2 percent helium injection in the fuel.

The film generated during the above téests was examined
frame by frame and measurements were made in the areas of the
ligquid Jjet, the impingement area and the fan breakup zone to
determine any variations due to helium  injection,

» The examination of these films ylelded many interesting
observations (Figure 10). The visual review of the data clearly
indicated a significant variation in the three cases, With no
helium injection the liquid jets were steady with no apparent
pulsing or oscillations. The impingement point showed steady
impingement at a congtant height, and the.fan breakup was steady
with the breakup area (assumed to.be the point where the fan
became transparent) steady and nonoscillating.  The results with
0.1 percent helium yielded a significant variation in all areas
examined. The liquid jets indicated an oscillatory and pulsing
phenomena with the average stream diameter being much smaller,
The impingement point showed a movement on the average away from
the injector and appeared to osclllate in a periodic manner,

The fan breakup was also moved downstream and oscillated at a
rate of 1000 cps (Figure 11). The results with 0.2 percent
helium showed again a drastic change in characteristics. The
liquid jets were smaller in diameter: than the no helium and the
0.1 percent helium although now the streams were steady with no
indications of pulsing or oscillation. The impingement point
was moved further downstream and the post implngement fan
breakup appears to be retarded. This is surmised on the basis
of the complete lack of any\observable fan breakup.

19



| ‘W14 033ds
HOIH 40 SNOILINGO¥AIY IIHAVHDOLOHA WO¥A NIWVL SLNINIUNSYIN

NOTLVIILSIANI 40 QOHLIN

dNYY3IYE NYd
SRR . INIWIINI ]
S | ©13r ainol

. | o Q3LVIILSIANI SYIWY

ANIT3H %2°0

ANIT3IH ON

ecrigbe ot P e A

Ry

"S3TANLS J1HYYI0L0Hd 40 SISATYNY GNY MI1ATY
0T HYODTA

20



da

o€

(ST 2810 A¥IAT I1dWYS INO)
- H38ANN 371dAYS

0z L

~

+

- sdaoool T

!

$310NLS 91HdYYIO0L0Hd
H 2T'0)  dnyv3ug Nv4

TIT H4ODTA

0l

0¢

1

(INIWIUNSYIW dNHVIYE NV4)

3anL 1 1diy

21



BELL AEROSPACE COMPANY

In order to determine further 1f a predominant frequency
could be defined in the impingement point fluctuations under
the 0.1 percent condition, a frame-by-frame analysis was conducted.
The data for this comparilison were collected by measuring the
impingement distance on two-hundred consecutive frames for the
no-helium and the 0.1 percent helium cases., A Fouriler analysis
was conducted on the tabulated measurements. The results of the
Fourier analysls indicated that some frequency components in the
LOO cps range were identifiable in the 0.1 percent case while
none were noted in the no-helium case (Figure 12)..  The  freguency
data generated for the 0.1 percent helium case was compared to
the frequency content of a typlcal LFO measured during engine
testing. Figure 13 shows this comparison. It is interesting to
note that the frequency content is almost identical.

It can therefore be concluded that the hellum 1n3ected
1nto the fuel has the follow1ng effects

1. Reduces the liquid stream dlameter and causes: the
streams to pulse. Exerts a significant effect on the appearance
of the fuel jets. At one condition of injection rate (0.1 percent)
‘the jet diameter undergoes nearly periodic diameter variations.
At larger values of helium injection (0.2 percent) the flow
appears steady. However, the jet diameter 1s considerably smaller
than under no-helium injection condifions.

2. Influences the steadiness and possibly the nature of
the triplet impingement. One level of helium injection (0.1
percent) produced oscillatory variations in impimgement that
contained the same frequency content of an engine produced LFO,

3. Effects the Fan Breakup

The correlation of the observed data provides an
indication that, for the particular configuration to which these
data apply, a deflnlte relationship exists between the critical
pressure drop and the gas evolution potential, Although the latter
term cannot be quantitatively defined at this time, 1t 1s observed
that periodic, low frequency oscillations will be maintained at
levels below a given critical steady-state injector pressure drop
when the fuel has been conditioned to a saturation point corres-
ponding to 190 psi at a given temperature. These oscillations
will not be maintained in the identical hardware and operating
conditions if the saturation conditions are decreased to a value
like 140 psi, which ig lower than the interface pressure at the
valve inlet but, of course, higher than the nominal chamber pressure
of 120 psi. In addition, 1t appears from the successive movie
frames that the fuel jet, impingement point and reaction zone

22
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luminosity are significantly affected by injection of helium.

With These observations in hand, one can speculate on the potential
interactions which can establish the feed back mechanism to

sustain a periodic oscillatory phenomenon of more or less constant
frequency. This frequency, ranging somewhere in the vicinity of
300 to 400 cps, can be approximated by the flight time periodicity
of the fuel jets by dividing the jet velocity by twice the distance
from the orifice entrance to the impingement point.

Three possible feedback mechanisms have been hypothesized;
all are based on the premise that the gas evolution influences
the specific operating variables indicated.

1. The discharge goefficient for a fuel jet, having a
given helium gas evolution potential, changes discontinuously at
a given value of instantaneous back pressure of AP (flipping).

2. Triplet blow-apart, which changes the combustion rate
and spatial location, occurs in a discrete manner as the instan-
taneous pressure drop or velocity of a fuel jet of given gas evolu-
tion potential varies.

3. The reaction zone and the ligquid volume of the fuel
orifices form a resonant system at given levels of gas evolution
potentials. The latter quantity can be considered as a measure
of fuel acoustic velocity. In this particular model, the higher
AP would be consildered strictly as increased resistance.

It might be helpful to elaborate briefly on some of the
conslderations which underlined these three models,

a. Cg Variation

No experimental data are available to us which
would confirm the hypothesis that "flipping" of a jet of high
gas evolutilon-potential occurs discretely at given levels of ‘
pressure drop, To a large extent, this hypothesis evolved from
the observatlions on the photographs., It should be noted in
passing that Northup of G. E. (Ref. Flow Stability of Small
Jets: paper - ASME November 1158), found that the "flipping"
characteristics or an orifice were significantly affected when
it erfluxed into a helium atmosphere compared to a nitrogen one.

b. Triplet Blow-Apart

It is well known from the work of other investigators
that blow-apart of reactive jets can occur when sufficient time
exists for the production of vapors prior to impingement, There-
fore, one cannot rule out the possibllity that liquid Jjets having
such a high gas evolution potential as the ones which we are dis-
cussing could produce the same mechanism. It is not clear at
the moment how the change in jet velocity would modify this par-

ticular type of blow-apart,

25
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¢. Combustion Feed System Interaction

It is, of course, possible that the combustion
can couple with a fuel fluild volume to establish the right time
relationship to sustain a continuous oscillation. In this case,
the gas evolution potential of the fuel would establish the
acoustic velocity of the fluid and the pressure drop across the
orifice would be modeled as a value of resistance. We know, off
course, that the complete feed system does not enter into this
coupling mechanism since more or less the same frequency 1is
obtained in test cells having widely varying configurations;
however, 1t is possible that a specific volume within the
injector, such as the injector orifices, could establish such a
coupling mechanism,

Task D - The Analysis of Applicable Analogue Models

The reéview and analysis of this model has indicated its
ability to provide correlation with test data in the following
areas:

1. Simulate the LFO frequency.

2. Correlate with fuel system variations and LFO
occurrence,

3. Correlate that increased chamber pressure reduced LFO
incidence,

The BAC analogue model has also been shown to have the ability
of simulating what the work statement defines as basic require-
ments of a model. These requirements include the ability of the
model to simulate the following conditions and parameters.

a. - Helium saturated propellants.

b. ' The pressure drops and volumes in various parts
the injectors. »

¢, The pressure drops and velumes in various parts of
the propellant feed lines, valve, and test stand.

d. Changes in operating conditions such as mixture
ratio, chamber pressure, propellant temperatures,
acoustic velocitlies, impingement angles, fuel and
oxidizer propellant leads,

e, .Combustion dynamics such as propellant stay times,
compbustion ignition delay
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Review of the analogue model results, conducted during the
ascent engine development program, show that this model will
produce LFO's when the fuel flow is reduced and that LFO's will
be produced when the chamber pressure 1s reduced (Figure 14).
These results indicate that the model is in fact capable of
producing LFO's; however, additional refinements will be required
in order to produce these LFO's at conditions equal to those
noted in engine test.
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4,0 CONCLUSIONS AND RECOMMENDATIONS

The examination of the LM development program test data
confirmed that the low frequency oscillations on this program
were controlled by the fuel circult and more precisely by the
pressure drop of the fuel injection orifices. Below a fuel
injection orifice pressure drop of 21 psi, the oscillations were
continuous when helium saturation at maximum tank pressure was
maintained, At values between 21 psi to approximately 29 psi
(38 psi AP injector) the oscillations were discontinuous with
durations not exceeding 2 seconds. Above an injection orifice
pressure drop of 29 psi, few oscillations were noted and these
were attributed to test procedures in which unusual amounts of

gas could be trapped in the fuel line.

Although the test data produced an operational 1imit, the
mechanism producing the oscillations was not defined. Three
mechanisms which might influence the oscillations were hypothesized.
These mechanisms were:

1. Resonant coupling between the feed system and the
combustion zone.

2. Blow apart of the fuel/ox streams amplified by‘a
change in helium content.

3. A change in Cg at the orifice where a condition
similar to "flip" may produce an oscillating mass/
breakup pattern.

Examination of the Bell analogue model showed that a low
frequency oscillation could be produced when programmed discon-
tinuities as inputs were arbitrarily added. The need to input
these discontinulities to produce an oscillation describes a limil-
tation of the model which should be updated. An examination of
the analogue model indicated that refinements could be made
that would spontaneously produce a oscillatory condition related
to the LM development experience.

The conclusion that the combustion oscillations were related
to fuel injection mechanism and that the exact mechanism of
producing the oscillations was unknown, led to the recommendations
for further evaluation of the program.
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a. Model Updating to Include Low Fregquency Oscillations

The analogue model should be modified to include
the limit of 21 psi pressure drop across the injection orifices.
This can be accomplished in the model by increasing the
"combustion frequency" and modifying the "injector" to include a
coupling condition with the combustion zone. The injector
modification should be examined for inclusion of either the
digital injector model or the simulation of the injector by an
orifice and resonant cavity rather than the currently used orifice
representatlon

b. Blow Apart Experimental Examination

The mechanism of blow apart as related to helium
content should be examined., It is proposed that single injection
element flow (photographic) tests be conducted ‘where the helium
content can be well controlled,

c. Cg Evaluation Related to a "Flip'" Condition
Lda

The influence of helium content on "flip" should
be examined and it is sugges:ed that 1t also be done by use
"of photography and injectors with fuel (single) elements. The
study would be directed toward determining the extent, 1if any,
that the fuel stream osclllated with a varying content of helium.
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APPENDIX I

TASK A - DATA REVIEW AND CORRELATION
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A, ANALYSIS OF START "ROOTBALLS" IN TEST CELLS 3DE AND 2DW

1. Test Cell 3DE (Horizontal Sea Level Test Stand)

Review of the testing conducted during the LM stability
program revealed That various configurations of injectors were
tested 1n this facility. In order to define if injector configura-
tion effected the occurrence of "start footballs", data from the
units listed on Table I was investigated.

The test data used to evaluate was obtained from the
following sources and was confined to propellant temperatures
from 60 to 80°F,

Injector Test '
S/N ’ Number Data Sources
B3-L7 3DE 972—984 Tabulated data from Cell 3DE and
- osclllograph records
B10OA 3DE 930-946 Tabulated data from Cell 3DE and
oscillograph records
E1E-13 3DE 1350-1368 Tabulated data from Cell 3DE tab-
ulated football data
E2B-5D ' 3DE 988-1014 Tabulated data from Cell 3DE and
. ) osclillograph records
E2B-12F IDE 1103-1112 Tabulated data from Cell 3DE and

osclillograph records

Analysis of the tabulated test data (Tables 2-4) indicated some
variance in the fuel flow data that could be due to the hand
reduction of osclllograph records, In order to define more
accurately fuel flow, plots of fuel feed pressure vs fuel flow

rate for each unit was made, Figure I-1-I-3., A best fit line was
placed through the data points and fuel flows were corrected for
feed pressure. Tables 2-U4 reflects corrected fuel flow rate.

The data from the Tables was then plotted as functions of corrected
fuel flow rate vs start football duration for each injector
(Figures I-4-I-6) and a composiie plot with the same parameters was
made (Figure I-7) using the besl fit line from each individual
injector plot, Figure I-7 shows significant variation in the fuel
flow required to eliminate the start "footballs".
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In order to define 1if the varistion in the configuration
of the injectors or the injector pressure drop was the cause of
the football "break point" difference, the pressure drop was cal-
culated for each injector at the football "breakpoint", The
following is a tabulation of corrected fuel injector pressuke

drops,

B3-LT
B10OA
E1E-1B
E2B-5D
E2B-12F

Average

36.0
38.4
38.5
38.5
37.5

Fuel injector AP at which
footballs start

—e

37.8

B. TEST CELL 2DW (Vertical Test Stand)

Review of the testing conducted in this test cell indicated
that of the data available only the E2C type injector could be
examined for start footballs in test cell 2DW. - The E2C injectors
examined, incorporated a three leg propellant cooled Y baffle,
had a double pass peripheral torus fuel manifold with 51.7 cubilc

inches of volunme,

triplets and 81 barrier doublets.

were g8 follows:

The injector design incorporated 84 primary

This injector has an oxidizer

lead.  The fuel pressure drops at rated flow (4.396 1lb/sec¥)
E2C-38 L 27.1 psi
E2C-38 0O 27.1 psi
E2C-40 B 28.5 psi
E2C-58 28.5 psi

The test data used to evaluate these units was obtained from
the following sources and was confined to propellant temperatures

of 60-80°F,

Injector
S/N

E2C-38 L

E2C-380
E2C-40B

E2C-58

Test
Number

ODW 434-448

°DW 500-516
2DW 591-608

2DW 709-743

42

Data Sources

Tabulated data from cell 2DW
and oscillograph records
1 .

Tabulated dated from test Cell
2DW and tabulated football data

Tabulated data from test cell
2DW and tabulated football data




RUN
NO

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

E2C-38L

L3
435
436
L37
438
439
440
Lha
Lyo
L4z
Ll
L4hs
JIVITS)
L7
448

TABLE 5

E2C-380 2DW T7O°F

FFP _f fe

150.5 4,056 4,021
185.6 4,726 L, 7ho
186.4 4,853 4,756
186.8 4,764 4,764
186.8 4,772 L, 764
169.7 IRIVITS L, 420
169.8 4,403 L 4o2
169.7 L. 420 4,420
170.0 4 421 4 425
170, 4 4, 435 4, 435
168.9 4 ho7 4, 423
170.4 4,529 4, 432
169.3 4,520 L, Loy
152.2 4,178 4,057
191.0 4, 886 4,750
167.4 4,288 4,371
167.8 4,346 4,380
167. 4 4,271 4,371
148, 4 4,190 3.979
145.,3 3.846 3.918
146.1 3.842 3.932
167.1 4,313 4,379

43

FOOTBALL DURATION

.280
.050

.203
.198
.210
.167
. 148
.165

.128
.128
242

.130
.150
.165
.298
.332
. 320
173




E2C-L0B

RUN p W START
NO. —C— FFP f corr FOOTBALL, DURATION
591 - 191.4 4,935 0
592 136 ~188.8 4,880 , 0
593 137 191.0 4,928 0
594 132 182.2 4,748 ‘ N/A
595 132 183.4 4,760 80
596 109 146.8 4,008 380
597 110 146.5 4,001 330
598 112 147.1 4,010 320
599 110 145.,3 3.924 360
600 121 165.3 4,395 240
601 120 165,2 4,395 240
602 107 160.2 4,282 260
603 120 165.5 4,396 240
604 117 167.3 4, h65 250
605 129 180.7 4,714k 130
606 130 181.0 4, 715 160
607 130 183.1 4,761 120
608 107 146.5 4,001 430
E20-58

709 160.8 4,356 200
710 161.5 4,370 160
711 161.8 4,372 190
712 ' 161.8 4,372 200
713 1774 4,708 -
714 179.5 4,748 -
715 176.4 4,685 - -
716 - 178.1° 4,716 No Data
717 178.3 4,718 -
718 145,2 4,025 340
719 146, 4 4,050 270
720 - 1464 4,050 250
721 46,1 4,048 260
722 ' 182.8 4,816 - '
723 183.5 4,832 No Data
724 182,2 4 805 -
725 181.9 4,798 -
726 180.5 w470 -
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. TARLE 7

E2C-58
RUN , W i START
NO. FFP _f feory FOOTBALL DURATION
727 148.5 4,108 ‘ 280
728 148,2 4,100 310
729 146.8 4,056 270
730 - 147.8 4,080 280
739 166.1 4,470 140
740 165.5 4. 455 | 250
Th1 166.6 4, 492 170
Tho 164,5 4,436 ‘ 150
743 161.8 - 4,378 180
Thy 162.5 4,392 200
7L5 163.5 G,ohah 180
746 - No Data
Tl 163.1 4,402 160

8 4,800 0

748 181,
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BELL AEROSPACE COMPANY

The same method of correcting fuel flow rate was used for
the 2DW evaluation as was previously described for cell 32DE,.
Figures I-8 thru I-10 show the data plots used to obtain corrected
fuel flow, The tabulated test data, including corrected fuel
flow, is presented in Tables 5 through 7. This data was then
re-examined by plotting fuel flow rate (corrected) vs start
football duration (Figure I-11 thru I-12). It is interesting to note
the E2C-38 data obtained on test series conducted at different
times show almost perfect agreement (Figure I-11). To compare this
data with that of 3DE, the injector pressure drops were agaln '

calculated at the "football breakpoint'". These drops are as
follows:
, E2C-36L 3}'6 Fuel injector AP at
E2C-380 3.5 yhich footballs start
E2C-40B 35,1
E2C-58 32.9
Average 32.8

1. Analysis of Start Footballs in Test Cells 1BN (Altitude)
2BE and 3DW (Sea Level)

In order to determine the critical injector pressure
drop in all test cells utilized during the LM Ascent Engine
development testing, an analysis has been conducted on injectors
tested in test cells 1BN, 2BE and 3DW. This analysis was conducted
in the same manner as described in the first monthly progress
report (i.e. all data at 70°F and fuel flow corrected for fuel
feed pressure, saturation pressure of 50 psi. A word of caution
must be inserted about the exactness of the 50 psi saturation level,
Most tests were conditioned to a ‘desired temperature level at 50
psi helium, The amount of helium absorption was effected by the
conditioning time required to obtain this desired temperature.
Therefore, the amount of helium absorption could vary from run to
run. This may explain why a few of the tests with 50 psi saturation
did not produce footballs at values less than CAP.

The injectors analyzed in these three test cells were
oxidizer lead injectors, incorporating double pass toroidal
manifold and propellant cooled baffles,




BELL AEROSPACE COMPANY

a) Test Cell 1BN

‘ A data survey in test cell 1BN indicated that only
one injector (E2C-60) was tested in a series that was applicable
for this analysis. This injector was tested with propellant
conditioning at 50 psi and propellant flow variations adequate to
determine the critical pressure drop. The test data used for this
analysisg 1s as follows:

= .

Injector Run No. f FFP Football
S/N 1BN Test  Test for CHPP Duration
E2C-60 Log 5.153  202.0 5.153 0
LoT 4,695 190.3 4,870 0
Lo8 4,316 . 181.3 4,638 0
Log 4,706 181.9 4,650 0
430 3.943 164, 2 4,160 0.110
431 3.982 154.5 4,030 0.140
432 4,339 171.5 4,360 0
433 4,238 159.3 L. oho 0.130
L3k 3.661 146.6 3.680 0.060

A1l tests with propellant temperatures from 60-80°F,

Figure I-13 is a plot of fuel feed pressure vs fuel flow rate test.
Figure I-14 is a plot of fuel flow rate corrected vs start football
duration from this figure we see that the critical fuel flow rate
is 4,360 #/sec which is equivalent to a fuel injector pressure drop
with this injector of 27.4,

b) Test Cell 2BE

In test cell 2BE data from injectors E2C-38 and
E2C-60 was analyzed to define critical injector AP as before all
data was with propellant temperatures from 60-80°F, The data analyzed
is as follows:

Injector T FEP b Football

3/N Test No, Test Test Corr Duration Sec,

E2C-38 2BE-2427 I I7h 150.0 3.992 .540
2408 4,871 185.,7 4, 725 .116
2liog 4,837 185.7 4, 725 0
21430 4,024 148.5 3.960 .580
2431 3.825 160.0 4,198 .536
oL 30 L, 759 183.6 4,680 .113
2li33 4,572 178.3 L,572 . 349
ol L, 020 154,0 L.,073 . 560
2435 3.929 155.4 3.999 .600
2436 4,738  190.6 4, 822 0
2L37 -= -- -- --
2438 L, 766 191.0 4,831 .090
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=t e

W FFP

Injector , T f Football
S/N Test No, Test Test Corr Duration, Sec.

E2C-60 2636 L, Lo1 163.3 4,200 0
2637 3.798 150.7 3.932 .520
2638 4 463 175.5 L, 463 0
2639 L, 780 182.5 4,590 .058
2640 4,131 158.0 4,090 0
2641 4,991 200, 4 4,960 0
o642 L,148 168.1 L, 296 . 304
26473 5.392 210.8 5.392 0
o644 L, 626 190.4 4,760 .030

Figure I-15 shows fuel feed pressure vs fuel flow rate test, from this
figure fuel flow rate corrected is defined. Figure I-16 is a plot

of fuel flow rate corrected vs ~tart football duration. From this
figure we see that the average ritlcal pressure drop 1s 33.6 for test
cell 2BE,

¢) Test Cell 3DW

In test cell 3DW injector E2B-22 was used to determine
critical pressure drop. The data used for this analysis is as
follows: i . .

W W

Injector Run No. FFP r £ Football
2 /N 3DW Test Test Corr Duration
E2B-22A 722 166.0 4, 300 4,395 . 350
) 723 164.5 4,347 4,360 .350

724 166,0 4,390 4,395 .330
725 166.0 4,436 4,395 . 330
726 - 166.8 4,359 4,415 . 330
727
728 152.5 4,163 4,095 .4oo
729 151.6 4,156 4,075 .4oo
730
731 151,2 4,118 4,065 . 430
732 187.9 4,876 4,876
733 187.9 4,838 4,876
734 185.6 4,818 4,829
735 185.6 L, 854 4,829
741 166,3 I, 446 . .310
Tho 167.6 4,414 . 320
743 '
g 187.3 L,916 4., 865
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Injector Run No, FEP Wf wf Footbhall
S/N_ - _3DW Test Test Corr Duration

E2B-22F 759 . 164, 8 4,769 4, 365 .310

760 163.4 4,346 4,338 . 300

761 164, 4 4,332 4,355 . 280

762 147.1 3.975 3.975 . 480

763 145, 7 4,125 3.945 .490

764 1454 4,063 3.935 , .590

765 144.8 4,063 3.925 . 540

766 184,1 4,698 4,790 -.090

767 183.5 4,757 4,780 .110

768 184, 4 4,806 4,800 .140

769 184.1 4,678 4,791 .120-

770 165.5 4,348 4,386 . 330

771 164, 2 4,371 4, 355 .320°

Figures I-17 & I-18 are plots of fuel feed pressure vs fuel flow:rate
test and fuel flow rate corrected vs start football duration
regpectively. From Figure 6 we see that the critical pressure drop
for this injector in test cell 3DW is 33.8 psi.

A review of the analysis for crltlcal pressure drop by
test cell shows the follow1ng

Tesgt Cell Critical Pressure Drop
2DW : 32.8
2BE , 33.6
3DE : 37.8
3DW . 33.8
1BN 27.4

25




L yu T - T
: 1 ; RS e i T
CT1~I HYNDIL £ e b
- PN A 1.
AN S An s, s
T ; T T
i ot tbsd o Eriy e
Rias SHN! : : - o
et F I -
b ! : T
e T : I ;
i e ' . Firi
et ; s at
T : H T ; .
: ; r
¥ . I3 T il .
1 R " ORI i et I FRERWENE! w
= f
- : ; i3 o S 7 : : 1
I + : i
o i n AL T o Tl s T T + f
T i T Y B S T + + + S T
1 5 T i L
: ; v T T *
bt i 1 i i T T T + + Tt
, : i A S Easgssas:
T ; T : :
T e - -
i ' : L T terrHiTT *
) 1 i1 1 I 1 P I . s s LT I KR
4 i) 3 L b ke 1 . S I3 il L IS [
; 1 H 1 o - T T - T
; 7 T . - ! aaSaaa saes :
= : i t : ReN s e 1 f
1 T : i
T z L, - - : H _, 1 3 . I
: T SRS S s : =
I : it ; ; t + 1 B
i T ! o :
i I T T T - s T !
L 1 T T 1 s T T 1 g
T T T = + 1 I iR 1 ; 3
1 I3 k| il i T R T 1 i T H
! : i | t = e : + ) : ; ; ;
t i T * T - : } o 1
i T =ty I = ; ] : : r mE ;
R : o d L DL AT S s i bl s ——!
i ST T T 1V -
1 i i L 1 1 I T 1 V. 4 T i1
[ ) t + T T T it + Y T i
: : T i A = T ; ;
f : : o - 7 = { T T =]
L 1 I N L 3 T T T T T Iy
I > I WS + Ty ; ; T T T T s u + C !
¢ i T " + T ! : 7
T T T } t : : T T R : T
' T , t ; : v ; =
I T : § g ey e I
; I =
— - - .4 N N ) L bl Sl S T -
T
e ;
I H T Iy T30 T | SRS S
t R g o T T y g =
; 1 i T t T LT T t IR i
b T T i T t t I & T f Tt 7 t T T T t
i I T _ A I E 1 t (1 T H
It 1 T T 1 i —
: + i T T 7 :
, = s | o
T T3 ; ; ; T t
e , =i o - : i T
T - : prt : : r T + : y s T ¥
i 0 -t ; i t ; : e xe]
Iy T 4 1. T T T T 1. T R .
T t T it ; 1 I3 T I T 1 ph H
kN I p W ¥ - ,V I 1 L . ———
: + T + T
; T o ! Pt syl s oy o s s v et =2 WD
Lz I - <
. e ; I o 1 ; E g gy 2 s
: : : -
T , e s - = ST - : =y}
t i :
: : t i t T T + + T : =
i - : T : o o — ; : : ; 1 e
e o A B 7 L T T { L T i BB e T R R e A o
i I I H I I I I H 1 T T L 11 T L' 2
s n I t s T T T T + + T T i t t N S u T
L T Ty Fy 3 . i1 T T LA I S T
0 + IR d P il t Y i : T Y t -
i - \y ' - + T
% T pes sar T 1 - 1
i - b 4 A L + e s o o -
e iy 1 Fs bt +
t 1 : t ; f " o
T : T 1 -
T . +
T i - i T ST r Y ; T 1 1 ' T
It it T T 1 i 1) LI T Iy T | | T )
T ruman i T } T I T u
1 I T T T
o : . ; Ao
o ; ; + s FsaAe O
- FR S i p—— - T - 1
v - } ; i
- 2/ 1 = T
“Fe Ty - i - i R’ P Bl i martei
T - oYy L + i b +
e - + ey : :
Y RIS S Ce o Fr 1 ;
T bl & b 5 -
; ; : , n
: 7 I ; T it b i 5
it T R EEARE R R AR A i+
= HLVY MO1d THNA
, SA
ot "HHOSSHYd dHHd THAAL
o

(t€h-92H N&T)
09-02d HOLOHLNT




" r T Y T T r T
ey x T ! 1 T 1
1-1 HYNODIA L thet ssdtandt e sieas sRotEaey
: : : SnunEE. b r :
o e e e , i
i D RN R R AR e met t THH HAR - : : T :
g T : : i
- e - ; .
T ; - o v b
t ; i A e & -
+ LAk it i e ; by
Ao . : e s (HLOHYYE 00 HLVY ; E3Es : s
i = QL I, T ;
i 1) . ) i 1 7
¥ T T T T . T -
1 ; o =
- =
: : _ £ :
t t T - {
! . T :
=7 . - .
T 3T T L T o e a ot et et e e
e T i ERE Swua = ! jonten
T s e : 1t r T =
m T t H.m H t T o
T 1) T T -
o ; e f ! ; At
; T : : o
I " H T ) I T "
e : : Emes - jomes
" s : o I jaoe
{ e : enaan: T ; sl
] T Ty T et
1 T T : + s
AR ERGN s [RRS hane T ; P
' ITH T t ‘ . - @3] s
; ! I o (e
: : = : - - VL
i T 7 T s : T m 4 + At
T u i - h X
s + - 1 iy n o
T = nTt I P L
R T T I p T I
1 I { [N T 141
: L1 T F ; B L I
+ + + ] =
T T 14 _ =
ea I D)
: ; T : ; O
T t 1 +
; T ; Tt T : =]
T 1 1 L] } 4 L Ll S T b
T : e
: e - ' RERASS SESEER T : & o
T : i 7 =
o g s S T
1 o t T
T T T T T It
i + T T 1 ; Jor pew © i W
t T+ e N eRsuae :
J T AR e ! ; . . : = O
T T ¢ : S
- Fpaeass e o B e e e - = g
o 1 - s i T = : p e SO S [fe}
: : - =5 e
H ; Aunea: =
- T - - s e e g e -
T T o sl s e o et st S [
T T T i T b s h )
e + H i T - T t H
- e o ; [
7 —r T
13 I A N T i 1 T T T N
= o : 4 -
; ; = : S =~
| i : ; ~ N
Iy ; 1 TTTTT T H i L) T it 1
: ; i ] : ; o i : i
i T M, dn Bl h “‘ ) i b Pt T - ot N
; - > o ! t ¥ + - B
T T 1L + T P
Il + n T ., - : ¥ DR N\M
[ (3 i T T T A
T 1 T + T L}
. ; : LT
., L il T "
r o 1] T
: - ; 1 T
;
T I}
1 n + IR k] 1
I H T ¥ T * .
- i ;
s Ra R e
. ] 1 i 1
1 T i mm
: [ g L
ENauy ;
TS i} T
T : T
: ;
L 7
R pama a SaAg KaEous aaas
B AT RS GEDaY KT ; Tt
LVHOQ TIVALOOL THVLS
Oh RO RES RS bl b b S S peTEy

TOD BASEI P IFALNTIN
YOS N Nt Ay . or oK ol

161 QF HAUIWIINID IHL QL O X 01 =

e



f
°
s
na T T 3 1
I EAE N LS T _ L T
ro SR SN S o :
LSHL HLVY MOId THAA T : i ‘
; ; e e e T
; . - : 1= ; pug
i i 1 n L L
Lo Y Ty it
T 1
P A 1
i - (- : T -
N mmEaR o e,
T AR R B E R EAE et
7 7
T ; 7 1
; 7 T T :
T T T4+
7 : it T T
T i T T
o I
! T
+ T 4 1 I
T s T T T h
ks v
: f : }
’ o e
i T T + i
el T - ; |
1 —+ = ;
; e Al = s :
: . : : el : :
i 1 T i I . T 4 Il
’ - pemaam - e S na e T ;
1 s t T H- +
: 1 ; . = t t
L . T '
s T - A. e N e
- P -1 :
—
V4 A I 1 i It T T
i n ; } 1 M
mEED: eoa. T ! k : gl
b 7 -l T - . + PO S : [es]
i - . v , o X
- ; P, ‘ T T |
! - i ey Pt watev Aoy masars s e psnon s
L i C A i N o STIUT CO I TN TR T ITT oy
K -
Poa
N}
. P S
T
..... ;
e
|

i t792-9€92 #E2  09-02E (]
gtwe-lewe @Ee MRE-d2H v .




1

LVENa TIVALOOA JYUVLS

"STIW NI L

TD MESSA ¥ 344NN
TN eTea WD T N
LSl 9% HILINILNID IHL OLOV X OL




PS8 VLIS R ROUS SsSB4 ISR

LSHL MOT4 THNA

= LT-T Z40DIL -

o : o
: i ; . T i
i 1 i T
ot E ) + T
i ! ya T
[ R A O S A N A
P T
T g T
t F
T 1
i s : 3 )
e A :
T T
T + +
P T pm ) T . T
=22 i T ¥
T \ N
T 1y
- i ¥ >
: i L T

]

i

T -
) T T +

T t T T

" T +

;
I T : - 7
I e T
e R -
FE EeTaReEas ;
(% s A i g iyt Sl anivis Sl SRS Ssa——— : = —,
) ) T USRINER S PO oI . .L.,x - s
n : o ; T T I = i Sy e
SO S et s I ST DT LI CUDITSIITITT L DL 1
A i IBERERS e ey e i e
T i f ) T T 1 1 T o
; T —

IR

C iy

G A My e e e P

(TLL-6G1

SR RIS SPIOE OMEROVIE WIS B

‘WON d,0L @

S cuoN 4,04 @ (4yl-22L MAE) vee-deE v g°l2=dv R

VTSNS R YF o .
- R RN B R AEES

a1 9 TR CIHL a2,




S0 EN A& i £ 1 i i 3 2553
. % R i) 1 yna; s SN ARG §500
: : : el b
I A - k) X 1] i e
t+rt + t H
: t 1 t t +
:
1 + +H u a
2 i i + 5 n =
t it T t -

Ran

1
s
:
;
: }
B T
Tl T
et
A
! T
T T 2
iaxen s ]
:
s g
; T :
H o

‘¥ 5

AL 3dvm

‘G0 YASSE ¥ IFJANIN
TAD
FAHL OY




BELL AEROSPACE COMPANY

C. ANALYSIS OF HELIUM SATURATION TYPE AND THE EFFECT ON POST
START FOOTBALLS :

During the LFO testing in test cell 2DW at Bell Test Center,
various procedures for saturating the propellants were used. Review
of these procedures (Figures I-19 thru I-22) indicate that various
amounts of Hy in solutlon could be achieved, depending on the
procedure used. In some cases, the procedure could produce
supersaturated propellants at test conditions.

In order to determine if the type of saturation affected
the post start football on the LM injector, the 'data were reviewed
to find a single injector that had been tested using the four
types of saturation. It was determined that injector E2CA-113HF
was the only source of data. The data used for this comparison
is tabulated in Table 8 and was confined to tests at 70°F. For :
the purpose of this analysis, fuel flowrate was plotted vs. football
amplitude. Figure I-23 1is a plot of all data available on this
unit and shows that there 1s an effect with saturation type.
Figure I-24 shows the trends from Figure I-23 without the data points.

From this analysis the following hypotheses havé been made
about the saturation types. .

1. Saturation Type IIA

This type saturates at pressure levels higher than run
levels, then vents the tank pressure to run conditions., This
approach conceivably allows the gas to come out of solution and
be distributed throughout the entire feed system. This would
create a supersaturated condition. As can be seen from Figure I-18
footballs, were created on all tests using this type of saturation
and there is no amplitude trend with flow changes.

2. Type II1

This type saturates the propellant at 140 psia. This
pressure is lower than any run pressures used in this test series.
Therefore, the higher run pressure could create a condition that
would permit absorption of any gas that might come out of solufion
due to pressure drops in the propellant feed system. Figure I-24
shows that no footballs were noted.

3. Saturation Types I and IIB are similar. This is due to
the fact that there is no rapid venting prior to the engine testing.
Therefore, the system can operate without LFO's until it reaches
its own "Breakpoint", Figure T 24 ghows that Types I and IIB show
similar trends. It should be : ted that the breakpoint is at a
higher flowrate for Type IIB t' n it 1s for Type I. It could be
hypothesized that this effect  due to more gas being availlable
with Type IIB saturation because of the higher saturation levels.
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BELL AEROSPACE COMPANY

TENTATTIVE CONCLUSIONS

1. The method of helium’saturation is an important variable,.

2. The pressure difference between saturation and test
feed pressure is an important variable.

3. At conditions of constant saturation level injector
pressure drop appears to be an important variable.

a) Analysis of Test Cell Configuration and its Effect
on Critical Injector Pressure Drop

In order to determine if the variation in critical
pressure drop was a function of the test cell configuration the
variations in the test cell and the start transient hydraulics
were examined. The test cell diagrams (1BN, 2DW, 3DE and 3DW)
are shown in Figures I-25 thru I-29, As can be seen from these
figures the variations in the test cell geometry are substantial.
In order to define the effects of line length and volume, plots
were made of these parameters vs critical pressure drop (Flgure I-30).
This flgure would indicate that the variation in critical pressure
drop is not a function of physical variations in volume or length,
In order to determine the effects of system pressure drop, plots
were made of the start transilent fuel feed pressure decay and the
steady state pressure drop from tank to engine interface (Figure
I-31). This figure would indicate that the start football break-
point is not a function of system pressure drop. Figure I-32 shows
plots of fuel overflow and fuel feed pressure recovery time during
the start transient. This figure would indicate a correlation
with both parameters when compared to injector critical pressure
drop. This data would indicate that the fuel velocity during
the start transient 1s an important parameter with respect to
start footballs, It is alsc interesting to note that in a fixed
system the flow velocity increases as supply pressure increases,
this observation agrees with the reduction and elimination of start
footballs with increased chamber pressure.

b) Analysis of the Effect of Increased Saturation .
Pressure on Start ['ootballs

In order to define if the pressure at which the
propellant is saturated has an effect on the start football
duration or the injector critical pressure drop the following
analysis was conducted.
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1) Test Cell 2DW

During the engine development testing in Cell
2DW variations in propellant conditioning pressure were made,
Initially, all propellant conditioning was conducted at 50 psi.
The start football analysis discussed in the first monthly
progress report utilized only tests during which the propellant
conditioning was conducted at 50 psi. This data revealed that the
critical injector pressure drop for start footballs was 32.8 psi.
In an attempt to define the critical pressure drop for injectors
when the propellants are saturated at 190 psi data  from testing
with injectors E2C-113, E2CE-147 and E2CE-141 was plotted against
fuel flow rate. This data is plotted in Figure I-33., Due to the
lack of data at fuel flow rate above 4,8 pounds per second, the
data had to be extrapolated in order to predict the critical
injector pressure drop. This drop is projected to be 40 psi for
saturation pressure of 190 psi as compared to 32,8 psi for
saturation pressure of 50 psi. It 1s also infteresting to note
that the football duration is significantly increased at saturation
pressures of 190 psi and continudes until the englne shutdown at
reduced flow rates.

2) Test Cell 1BN

In order to collaborate the results noted in
Cell 2DW, test results in cell 1BN were examined. As previously
discussed in this report, the injector critical pressure drop
has been defined at 27.4 psi for saturation pressures of 50 psi.
Additional data has been examined from tests on injector E2CE-133
with saturation pressures of 140 psi. This data is plotted in
Filgure I-34 and again when compared to the 50 psi saturation data
shows an increase in critical pressure drop; again the increased
duration football is noted with increased saturation pressure,
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BELL AEROSPACE COMPANY

s

D. REVIEW AND ANALYSIS OF FIRE TEST DATA IN TEST CELL 2DW WiTﬂ
INJECTOR E2B-12

During May and June of 1967, an extensive test program, Table
9, was conducted with injector E2B-12 in test cell 2DW at Bell
Test Center. The objective of the test program was to determine the
operating parameters required to eliminate footballs. Review of
this data has revealed the following information:. :

1. Post Start Footballs

During this test program there were no post start or
sustained footballs noted. Figure I-35 is a plot of fuel flowrate
vs. post start football duration. From this figure we can see
that no post start footballs were ever noted even at fuel flowrates
as low as 3.68 1b/sec of fuel (equivalent to injector AP=19.9).
However, it should be noted that the maximum pressure and temperature
used to saturate the propellants was 80 psi and 100°F. The He
in solution at this pressure and temperature is still less than
the propellant is capable of absorbing at the feed pressure required
for the 3.68 1lb/sec fire test (FFP = 143.8) and 70°F temperatures.
Thus, a dependency of saturation level or condition on critical
pressure drop 1s clearly apparent,

2. Start Footballs

Following the first few fire tests, stayt footballs were
noted on all runs at nominal and low pressure. These footballs
were noted even with many changes to the test cell and engine
hardware. These changes were as follows:

a. Orifices removed from feed system (20 psi at rated)
b. Orifices removed from engine (16 psi at rated)

'¢. Large throated thrust chamber

Figure I-36 is a plot iof fuel flowrate vs, start football duration.
The data plotted shows that the above noted changes had no effect
on the football "breakpoint" or the duration., It is interesting
to note that the injector pressure drop at the "breakpoint" fuel
flow is equal to 29.9 psi which is approximately the same as noted
in A (32.8). The lower breakpoint may be due to the reduced
saturation level,
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3. Helium Injection

During this test series, several tests were conducted
with He being injected into the oxidizer and fuel feed systems,
For the tests analyzed the Hg injection pressure was constant.

a. He Injection into Fuel Feed Line

Flgure I-37 is a plot of fuel feed pressure vs. football
duration. This plot shows that He injected into the fuel feed
system will create a football and that the duration of the football
appears to be dependent on the feed pressure. Footballs created
by injecting He were very repeatable at the low feed pressure,
however, as the feed pressure increased the duration of the foot-
ball decreased. It is very possible that as the feed pressure
increases both the Hg quantity injected decreases and more helium
goes into solution. Figure I-38 which is a plot of fuel floy and
fuel feed pressure vs. run time shows that at approximately 4.0
seconds the flow and pressure were disturbed. This 1s the time
that the He was injected. ’

b. He Injected into Oxidizer Feed Line

Figure I-39 1s a plot of oxldlizer feed pressure vs,
football duration. As can be seen no footballs were noted during
H, injection. Figure 24 is a plot of oxidizer flow and feed
pressure is run time. The Hg was injected 1nto the oxidizer at
approximately 7.0 seconds. The perturbations noted on Run 124
at 4.0 seconds are due to Hg being injected into the fuel.

¢. Tentative

1. The saturation level of the propellant -
appears to be the prime factor in.producing post start footballs.

2. Start footballs are a function of injector'
pressure drop.

3. The fuel side of the injector 1s sensitive with
respect to producing footballs.

4, He content in the oxidizer within the range
tested has no significant effect on footballs. -~

5., The absolute value of chamber pressure,
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BELL AEROSPACE COMPANY

TASK B - REVIEW AND ANALYSIS OF PHOTOGRAPHIC STUDIES

The review and analysis of the photographic work conducted
during the BAC-IM program has been conducted. This review was
conducted on three specific tests; these tests were conducted with
a single primary injector element con51st1ng of two fuel-on-one
oxidizer orifice. , Purpose of tests were:

1) Baseline - Impinging oxidizer and fuel Jets with no hellum
in the propellant (Figure II-1).

2) Nominal 0.1 percent by weight of helium - Impinging oxidizer
and fuel Jjets with helium injected into the fuel feed line upstream of
the injector (Figure II-2).

~
~

3) Nominal 0.2 percent by weight of helium - Impinging oxidizer
and fuel jets with helium injected into the fuel feed 11ne upstream of
the injector (Figure II-3).

It should be noted that the amount of helium injected into the
fuel for tests 2 and 3 represents approximately 100 and 200 times
respectively the amount of helium present in propellants saturated at
190 psi and 70°F

The review conducted examined the film frame bv frame, (the )
frames reviewed are shown in Figures II-1 thru II-3 in total 44 frames
were examined for each case) for variations with respect to the base-
line in the following areas:

1) “Liquid Jets
a) Pulsing or oscillation of the fuel jets
b) Breakup or two phase flow ;
¢) Expansion and contraction of the jet

2) Impingement

a) Variations in impingement point
b) Blowapart
c) Oscillations
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3) Fan (post impingement area)

a) Pulsing or oscillation

b) Combustion retarding
Analysis of the films revealed the‘following:
1) Liquid Jets '

a) With no helium injection, the ligquid jets were relatively
steady and non-pulsing. There was very little expansion or contraction
of the jet.

b) With 0.1 percent helium, the liguid jets pulses and
undergoes rapid local expansions and contractions (diameter changes).
The jet itself on the average is smaller In diameter than the Jet
with no helium.

c) With 0.2 percent helium the liquid Jjets is steady and
non-pulsing. However, the jet diameter is smaller than with 0.1
percent helium.

2) TImpingement

a) With no helium injection, the impingement point has

~ some variation. In order to define the mean and the amount of

variation, a plot (Figure II-4) was made of the intersection of right
side fuel Jjet with the oxidizer jet. The measurement was made from

the injector face to the lower edge of the fuel Jjet. The mean reduced
1mp1ngement” point measured on the photographs for no hellum injection

was 0.120,

b) With 0.1 percent helium injection, the impingement
variation (Figure II-5) is much greater than with no helium. The -mean
impingement point was calculated to be 0.152 which is about 25 per-
cent higher than with no helium.

In order to determine if the impingement variation
noted in Figures II-4 and II-5 contained any predominant frequency
components an autocorrelation* function analysis vas conducted on
the data. Figures II-6 and II-7 show plots of this function. These
plots would tend to indicate that the triplet with no helium injection
oscillates in a random manner with no predominant frequency. However,
the plots of 0.1 and 0.2 percent may indicate that a predominant
frequency exists in this data. It should be noted that the data
sample is too small to derive at any definite conclusions.

*The autocorrelation Tunction 1s a Fourier transformation of the
power density spectrum and thus defines the distribution of power
in a signal according to the freguencles present.
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3) Fan (Post Impingement)

a) With no helium injection the fan is very uniform.
The breakup (appearance of light areas) and the combustion process
appears to be very steady.

b) With 0.1 percent helium.inspection‘the fan width is
reduced and the breakup oscillates at approximately 100 cps.

Figure II-8 is a plot showilng this escillation'in fank
breakup.

c) With 0.2 percent helium the fan width is significantly
increased over both no helium and 0.1 percent. Also the combustion
process (appearance of light regions).appears to be retarded. This
is conceivable due to a lack of rapid fan break-up.

In order to obtain a better definition of any predominate
frequency that may be contained in the impingement of the no-helium
and 0.1 percent helium cases additional frames of film were examined.
For this analysis 200 frames, or approximately 0.5 seconds, were
examined. The purpose of this analysis was to determine whether any
predominant frequencies were apparént and how they might be related
to the 1000 cps observed in the reaction zone luminosity. This
might provide some insight as to whether the fuel jets themselves
or the combustion are the driving force in maintaining periodic
oscilllatory low frequency oscillations.

A Fourier analysis of the axial impingement point variations
vs time was made and the results are shown in Figure II-9, Although
the noise background within the 0.1% helium spectrum precludes an
unequivocal conclusion, it does appear that there is a significant
difference between the no-helium and the 0.1% spectra. It also
appears that a 400 cycle frequency and its harmonics are present.

Figure I1-10 is a comparison of the frequency content of the
impingement variation of a liquid jet with 0.1 percent helium
compared to the frequency content of chamber pressure during a
typical LFO. It is interesting to note the same frequencies are
present, '

CONCLUSION

Helium injection has a significant effect on the operation
of the triplet element examined. This effect is noted in the
ligquid jet, the impingement point and the fan breakup. The effect
noted in the impingement of the liquid Jjet would appear to have
the same freguency content as a typical LFO.
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APPENDIX IIT

TASK C - DEFINITION OF CONTROLLING PARAMETERS AND

BASTC MECHANISMS INVOLVED
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TASK C - POTENTIAL FEEDBACK MODELS

The correlation of the observed data provides an indication
that, for the particular configuration to which these data apply,
a definite relationship exists between the critical pressure drop
and the gas evolution potential. Although the latter term cannot
be quantitatively defined at this time, 1t 1is observed that periodic,
low frequency oscillations will be maintained at levels below a
given critical steady-state injector pressure drop.when the fuel
has been conditioned to a saturation point corresponding to 190 psi
at a given temperature. These oscillations will not be maintained
in the identical hardware and operating conditions if the satura-
tion conditions are decreased to a value like 140 psi, which is
lower than the interface pressure at the valve inlet but, of course,
higher than the nominal chamber pressure of 120 psi. In addition,
it appears from the successive movie frames that the fuel jet,
impingement point and reaction zone luminosity are significantly
affected by injection of helium. With these observations in hand,
one can speculate on the potential interactions which can establish
the feed back mechanism to sustain a periodic oscillatory phenomenon
of more or less constant frequency. This frequency, ranging some-
where in the vicinity of 300 to 400 cps, can be computed as the
flight time oscillation of the fuel jets by dividing the jet velo-
city by twice the distance from the orifice entrance to the impinge-
ment point.

Three possible feedback mechamisms have been hypothesized;
namely:

1. The discharge coefficient for a fuel jet having a given
helium gas evolution potential changes discontinuously at a given
value of instantaneous back pressure or AP (flipping).

2. Triplet blow-apart, which changes the combustion rate
and spatial location, occurs in a discrete manner as the instan-
taneous pressure drop or velocity of a fuel jet of given gas evolu-
tion potential varies.

3. The reaction zone and the liquid veolume of the fuel
orifices form a resonant system at given levels of gas evolution
potentials. The latter quantity can be considered as a measure
of fuel acoustic velocity. In this particular model, the higher AP
would be considered strictly as increased resistance.

It might be helpful to elaborate briefly on some of the consi-
derations which underlined these three models.
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,@. C4 Variation

No experimental data are available to us which would
confirm the hypothesis that "flipping" of a Jet of high gas evolu-
tion potential occurs discretely at given levels of pressure drop.
To a large extent, this hypothesis evolved from the observations
on the photographs. It should be noted in passing that Northrop
of G.E. (Ref. Flow Stability of Small Jets; paper - ASME November
1958), found that the "flipping" characteristics of an orifice
were 81gn1flcantly affected when it effluxed into a helium atmos-
phere compared to a nitrogen one,

b, Triplet Blow-Apart

It is well known from the work of other investigators
that blow-apart of reactive Jets can occur when sufficient time
exists for the production of vapors prior to implngement. Therefore,
one cannot rule out the possibility that liquid jets having such
a high gas evolution potential as the ones which we are discussing
could produce the same mechanism. It is not clear at the moment how
the change 1in jet velocity would modify this’ partlcular type of
blow-apart.

c. Combustion Feed System Interactlion

It is, of course, possible that the combustion can
couple with a fuel fluid volume to establish the right time rela-
tionship tfo sustaln a continuous oscillation. In this case, the
gas evolution potential of the fuel would establish the acoustic
velocity of the fluid and the pressure drop agross the orifice
would be modeled as value of resistance. We know, of course,
that the complete feed system does not enter into this coupling
mechanism since more or less the same frequency is obtained in
test cells having wildely varying configurations; however, it is
possible that a specific volume within the Injector, such as the
injector orifices, cowld establish such a coupling mechanism.

It is planned to examine these hypotheses in somewhat
greater detail under Task C. It 1s ceear, howeve, that some addi-
tional experimental data will ultimately be required to isolate the
particular feedback mechamism which is responsible for the occurrence
of low frequency oscillations.
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A. SUMMARY

A critical examination of models was made with particular
emphasis placed upon their ability to exhibit the "football" or low
frequency oscillation phenomena. No effort was made to tailor a
model which would produce this phenomena; but rather it was attempted
to determine from the generalized model whether low frequency
oscillations are produced under specific operating conditions. It
is found that the model in its present form indicates favorable trends
and is in reasonable fundamental agreement with experimental data.

In particular, the "footballs" are noted; however, further effort and
some model improvement will be required to obtain better correlation

with experimental data. Sufficient correlation has been obtained to

confirm the basic concepts upon which the model is based. When

final proposed 1mprovements are incorporated, the simulation will be

an effectlve tool.

Analog computer results for several conditions are presented,
illustrating the "football" phenomena and the values of ‘pressure, and
transport delay time required for their formation. ‘

Finally, a proposed program for model improvement is presented.
B. INTRODUCTION

The occurrence of pressure oscillations in feed systems and
combustion chambers motiviated a theoretical study to devise a
mathematical model which would simulate the observed behavior and
which could subsequently be employed to obtain a better understanding
of the phenomena.

Since information obtained by experiment is usually in the time
domain, it was felt that a rocket engine simulation yielding time
historiles directly would be desirable, Equations incorporating known
characteristic properties have been derived and simulated on the
analog computer., This report describes the Bell Aerospace analog
model and presents a proposed program for model improvement to obtain
better prediction of engine-feed system behavior, as well as for use
in general engine design and development.

C. DISCUSSION OF RATIONALE

A rocket engine system 1s composed of several coupled subsystems.
Since 1t is not known which particular subsystem is the prime contri-
butor to the observed intermittent low frequency instability, one
must rely upon a simplified simulation of the entire system as a
starting point., This forms a framework for continuous refinement of
the subsystems until the most sensitive element is located. This
philosophy formed the basis for the development of the mathematical
model,
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C. DISCUSSION OF RATIONALE (Cont)

A rationale of the methods used in the fulfillment of the
requirements in the work statement will be presented. After each
requirement a brief discussion of the equivalent mathematical
and/or analog method used to meet this requirement is given.

1. Helium Saturated Propellants

It is assumed that the presence of helium (or any other
gas) in the subsystem, line, valve, injector or combustion chamber
is mathematically equivalent to a change of acoustic velocity in
the subsystem. In this simplified simulation the generating
mechanism of the process 1s not uniquely described. The present
system is capable of investigating discrete changes of the acoustic
veloclty onlys; however the capability of making other parametric
variations (such as possible orifice flipping, etc.) is present when
the generating mechanism is prescribed. TFor a feed line or flow
passage, the propagation of pressure waves will be significantly
effected by the amount and distribution of free gas out of solution.

2. Pressure Drops and Volumes in Various Parts
of the Injector

The injector must be considered a prime suspect in exciting
low frequency oscillations. Thes detailed mathematical model of an
injector 1s extremely complex. Therefore detalled electrical analogy
of the injector was prepared and the frequency characteristics of this
system evaluated. It was presupposed that if this electric analogy
yielded a natural frequency in the 400 HZ range when reasonable values
of acoustic velocity were used, effort could be initiated to define
the redesign which would be required to shift the frequency of maximum
amplitude out of this region., This analysis was performed on the
digital computer. A description of the injector is given in
Attachment ITT-A.

Prior tc this program the analog model assumed a perfect
injector, i.e. having resistance elements only, with the injector
volume reflected as a required fill time. Since no capacitance and
inductance elements had been included, if "footballs'" are observed in
this analog model, one would have to conclude that the injector alone
is not a possible source. The simulated pressure drop may conveniently
" be taken as any design value,

3. Pressure Drops and Volumes in Various Parts of the
Propellant Feed Lines, Valve and Test Stand

8. Feed System

The propellant is assumed to be in a gas pressurized
tank. 1t assumed that the supply pressure remains constant during
any particular computer run. However, the tank pressure may have any
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prescribed constant value. Subsequently, the feed line is assumed
to be characterized by a fluid supplied from a source of constant
pressure,

The distributed parameter method is used in describing
the dynamic behavior of the feed line. This method is used because
of the 51mp11c1ty of the mathematlcal simulation, as well as the
availability of "time delay modules" in the BAC analog computer
facility. TFor a brief description of the time delay concept see
Attachment III-B. The delay time is a function of propellant bulk
modules (which is determined directly from acoustic velocity) and
pipe length, diameter and wall thickness. Further clarification of
this relationship is presented later. The simulation is capable of
accepting any magnitude or combination of the aforementioned
parameters, j

b. Valve

In the mathematical 'description of the valve, it is
assumed that the valve is a device which has a known volume requlring
a finite fill time, with an entrance which opens at a prescribed
rate requiring a finite opening time. The valve is assumed to be
invariant to frequency; that is the flow rate is proportional to the
square root of AP for all frequencies. For the LM investigation
it was assumed that the valve opened in zero time. One can reason that in
a simplified model of this kind this is not an unreasonable assumption.

c. Test Stand

Equations describing the possibility of fluid coupling
with test stand dynamics were not derived. To investigate this
possibility, one could resort to the frequency response characteristic
of the analog model to determine what external frequencies would be
required to induce system coupling. This can be done very simply by
employing an electronic oscillator. Line pressure pulsations may be
applied to the simulated feed line and the output recorded. The
oscillator frequency will then be varied until serious feed system
oscillations result. The actual test stand natural frequency should
not coincide with the critical frequency obtained in the simulated
condition.

L, Change in Operating Conditions

a. Mixture Ratio

Analysis indicates that in general one must speak of
two types of mixture ratios: (1) the more conventional one described
as the ratio of the time average oxidizer flow rate to the time
average fuel flow rate, and (2) the ratio of the instantaneous mass
corcentration of oxidizer to mass concentration of fuel in the
combustion chamber at any given time. The latter ratioc must be
computed wnile the former is obtained by so adjusting the valve or

[y
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orifice pressure drops to obtain the required time average ratio of
the two propellants. The computation method is presented later in
the report in the derivation of equations. In fact, 1T has been
observed in the analytical model that the dynamic behavior may be

a function of the time rate of change of mixture ratio.

b. Propellant Temperaturés, Pressure and
Acoustic Properties

Since dynamic combustion models are very involved and
not firmly established, the decision was made to use precomputed
steady state data. It is acknowledged that the steady state combustion
properties are not truly representative of the unsteady process.
However, steady state data are beling used extensively with marked
success in evaluating the unsteady processes in other applications,
for example motion of alrcraft.

A description of the thermochemical propellant data
is given in Attachment ITIT-C. Here are presented such properties as
combustion temperature vs mixture ratio (based on mass concentration
for each condition), characteristic velocity vs mixture ratio, slopes
of combustion temperature and characteristic velocity vs mixture
ratio, etc. Actually each of these properties are functions of
chamber pressure; for simpiicity these variations, however, were not
included in an elementary model of this type. They are available,
however, and will be included in a more accurate simulatiomn,
Solutions may be obtained with assumed or precomputed decreases in
theoretical combustion temperatures and characteristic velocities.

C. Combustion Eguations

A derivation of combustion equations is given in
Attachment III-D. The time rate of change of pressure ratio under
prescribed assumptions is computed.

d. Impingement Angle

A "first order'" effect of impingement angle variation
is obtained by variation of the "transit time", defined as the time
required for the propellant to travel from the injector face to
average point of impact. In the simulation, this transit time is
represented by a "time delay" described in Attachment III-B. lere
we assume that a glven time is required for the propellant to reach
the combustion zone or average impact point. Computer solutions may
be obtalined for any preset time delay.

e. Fuel and Oxidizer Propellant Leads

If one assumes that the propellant and oxidizer valves
open simultaneously, then the time of arrival of each propellant at
the injector face 1s a function of the total fill volumes of the
valve plus conduit downstream from the valve gate to the entrance of
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the injector. 1In addition, the corresponding volume of each passage
to the injector face must be added. The corresponding flow rates,
however, are functions of passage impedance which varies along the
path. Although flow configuration is quite complex, it is definable,
In the present simplified model, the propellant is assumed to flow
at a constant average impedance until a volume equal to the void
volume is obtained at which time it is assumed that the reference
propellant is at the face of the injector. It was found, however,
that if one replaces the aforementioned with a time delay equal to
the 1l1ll time, no appreciable difference is noticeable in the result-

ing overall system response, for this simplified system.

D. DISCUSSION OF MODEL .

Based on the previously presented discussion, equations were
derived and simulated on the analog computer. Possible sources of
instability may now become apparent when computer runs are made.
Before proceeding to a direct comparison with the LM experimental
data, a brief study of the trends resulting from selected changes
in system parameters is 1in order.

1. Hard Starts.or "Spike" Phenomena

If one is to have any confidence in the model, the more
normally expected behavior must be predicted. The phenomena of hard
starts or "Spikes" when a fuel lead is present is a classical example.
When fuel lead is present, the model does indeed experience a sharp
high initial rise in P, An explanation of this as well as other
response characterlstlcs may be obtained by observation of the P
equation along with the thermochemical reaction curves. For convenience
the equation is given below. :

. . , . DFP w . O P,
p =R g gy ew, 2T e 28y ¢ dey
\ AT 2ec*  or J p dr

From Figure III-1 one concludes that for a fuel lead condltlon when

ignition begins, all terms on the RHS are positive, hence P is
positive, and the integral of P or P begins to increase at a rapid

rate., However, 2T and
AT ar .
and decreases rapidly until the sign changes at which time Pc may

increases‘to a maximum value when r = 0.8

become negative, P, will stabilize, and fluctuations may occur until

e

P, = 0 is obtained. The magnitude attained by P during this process

may be quite high, depending upon the rate of flow into the chamber.
Figure IIT-1 further shows that lor an oxidizer lead the mixture ratio
startes at infinity, and for large mixture ratios the reference terms
are negative and small and the design ratio may be reached without
passing through a region of large positive values resulting in mild
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@

steady increase in P and a more moderate increase of P, hence
eliminating the spikés The preceeding discussion givesga rather
unicue explanation of a possible source of the hard start or spike
exhibilted in test when a fuel lead is present.

A more detailed discussion of the precomputed thermochemical
data is given in Attachment III-C.

2. "Footballs"

a., Computer Results

An attempt was made to apply the model to the LM engine
by inserting exact known system characteristics as follows:

(1) Engine Characteristics

2 )

Ay = 16.331 in. We | = 4,379 #/sec
v, = 429 in° WO = 7.055 #/sec
<P, ~ 120 in° *y = 1.6

Prp = 165 psi Inj. AP = 27 psi (fuel)
Valve AP = 5 psi Inj. &p = 23 psi (ox)

*Chamber pressure and mixture ratios are the
results of simulation calculations.

(2) Feed Line Characteristics

The feed lines consist of a 1.5 in. diameter 1line
370 in. long for each propellant from the supply tank to the test
stand., Also a line 1.25 in, diameter, 110 in. long for each propell-
ant from the test stand to the valve., These feed lines were simulated
by using the method presented in Attachment III-B. The various feed
system impedances for the pertinent components were computed. From
this the propellant pressure wave time was computed for incorporation
into the time delay elements. 1he computations indicated that the
system is found very sensitive to T% (time required for propellant
to travel from face of injector Lo Impace point plus sensitive time
lag).

b. Chamber Volume Effectiveness

The results showed that the model appears to yield valid
information but certain parameters appear not to be consistent with
actual system configuration. When the effective chamber volume is
decreased more realistic frequencies andf ., values result. This step
appears reasonable when one recalls that " the actual reaction zone

j—y
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iy the chamber is considerably smaller than the chawmber volume, and
(2) the thermochemical data employed is based upon a volume composed
only of gas or vapor actually being subjected to a thermalchemical
exothermal reaction process which properly defines the reaction
volume. Reducing this volume in the simulation to one-half the
geometric volume ylelded frequencies of approximately 400 Hz and
propellant transit time of approximately 5 M.S. Thils frequency 1is
in reasonable agreement with the observed frequency and the transit
time 1is rather close to that expected. For example, assuming pro-
pellant exit velocities of 40 ft per second, the impact time is
slightly less than 1 M.S. which allows approximately 4 M.S. for
complete combustion to occur, Figure III-2 shows that a "football"
is not present with ¢ = 5.3 M.S. Figures III-3 - III-5 show the
"football" magnitude progressively increases with increasing ¢
where ¢ = 5.4, 5.5 and 5.6, respectively. For these runs the
mixture ratio was higher than 'design value. For ¢ = 7.6 M.S. a
post start "football" is present with the steady-state mixture
ratio of the design value of 1.6 (Figure III-6). Notice that for
the lower mixture ratio condition, the instability present in the
P, rise has been eliminated. '

Feed line oscillations during injection fill are
somewhat larger than those shown in test data. This is attributed
to the lack of information on the magnitude of the damping constant
which must be inserted in line dynamics loop as glven in Attach-
ment III-B,

A mathematical rationale of the "football" phenomena
is presented in Attachment III-E,

¢. Transient Volumetric Effects

As previously stated, the 400 Hz frequency could be
produced by using an "effective" volume smaller than the actual
chamber., This could imply that the frequency 1is a function of the
actual "reaction'" colume rather than the geometrical one. When the
propellant enters the chamber initially combustion should occur
through the entire volume and this volume becomes the "effectzve"
volume. As P, increases, the "effective'" volume tends to decrease
to its steady-state value. If this hypothesis:is true, then one
should expect a decrease in observed frequency during the Pc tran-
sient. Observation of test data reveals this to be true. However,
for the analog model, the volume 1is assumed constant through the
transient as well as the steady-state. When this effect is
incorporated in the analog model, one may expect decreased amplitude
and frequency during the Pc rise and better agreement with experi-
mental data,
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E. PROPOSED MODEL IMPROVEMENT PROGRAM

The existing Bell pressure fed rocket engine model is used to
calculate the transient and steady-state performance of various
rocket engine systems. It does this by breaking the propellant feed
system into a number of segments or modules dictated by the particular
design configuration, and calculating the flow and pressure in them,
Subsequently, the feed system from tank to injector or valve is
simulated by a cascade of individual modules. The valve simulation
asgumes valve opening 1is linear, while the injector is simulated by
a pregsure drop only. The transportation delay is determined by a
time delay device which simulates the propellant flight time (between
injector face and impingement point plus vaporization and burning
time). The combustion process is a function of precomputed thermo-
chemical data.

A detail digital model of the injecﬁor i1s available. Acoustic
velocity and pressure drops at all major flow passages may be given
any design values, and subsequently, impedance and frequency
characteristics may be determined. ' . )

The present analog model indicates trends which are, in general,
consistent with test results. Specific detailed correlation has not
been attempted in Phase 1 of this effort, only a comparison of
available preliminary analog results with test cata was made. These
comparisons indicate that the basic concepts set forth in the model
are valid and that more detalled simulation, based upon the present
model, is desirable,

Based upon studies made in Phase 1, the following recommendations
are made, ‘

Task A

Activate present analog model and obtain agreement with present
experimental data point (condition for "football" as determined from
present experimental data). Establish limits of simplified model.

Task B

1. Revise feed line representation to include two phase flow.

2. Revise injector representation to include storage of pro-
pellant in injector manifold, and gas‘'evolution effects.

3. Revisge injector representation to include resistance and
inertia of injector orifices, including flipping condition.

L, Revise combustion zone time delay to be a function of jet
velocity.

Task C

Activate this improved modal and obtain agreement with present
experimental data point. Extrapolate to other known data points if
and when available.
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ATTACHMENT ITIT-A

DEFINITION OF LINEAR MODEL

The dynamic model is derived on the basis of an analogous
impedance network satisfying continuity and energy conservation
requirements, and represents the fuel feed system from the trim
orifice downstream of the LM valve to the injector (Fig. 1) represented
by Flgure 2 and the analogous impedance network by Figure 3.

In electrlcal terminology, voltage is analogous to perturbation.
pressure (p.s.f.), and current to perturbation volume velocity
(Ft3/sec). ’

The analogous network elements are simply evaluated as
follows:

Resistance: . 'R = if;y
S
Inertance: L = )‘0 (Le”

Capacitance: c = \?/237(152

These are derived 1n most acoustics textbooks.

/§; = density of gas-liquld medium,

Cm

\/ = volume of element,

sonic veloclty in gas-liquild medium.

il

Le%Pz effective length of inductive element.

Ey = cross-sectional area of inductive element.

The response characteristics of the system are determined
through the utilization of an IBM digital program capable of
analyzing complex networks of the required form, At present
the characteristics are demonstrated by the print-out of node
voltages and phase for a given input voltage and frequency. This
can be modified to produce input impedance functions as well as
transfer functions.
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ATTACHMENT T11-B

FEED SYSTEM THEORY

Applying the continuity and momentum equations to a
fluid flowing at low velocity in a cylinder or pilpe yilelds
the following equations

"M— - -a-—‘E

2 ‘ |
Pe 2% ‘ : (1)

|
o
1]

AN

2

7t ) (2)

®
>

Combining Equations (1) and (2) yields the wave equation

since their solution when applied to systems of this type

have been found to describe traveling waves observed in a
wide varilety of distributed - parameter systems. However

in feed systems, it 1s often convenient to consider pressure
and flow effects at each end and to determine the relationships

Pa’ wa, Pb, Wb. This consideration gives risge to the four

terminal network concept shown below,

Pa Four Terminal Pb
' Device I
W, Wy,

Two of the four variables may be congidered as independent
while the other two are independent, as long as both do not
occur at the same end.

With,

| 7 z =
0 Y =

13}

i1

N’P‘)Y\E’

&krd éﬁ -

and a line resictance term (linearized) given in terms of
pressure drop as
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A I) oo Eﬁ; W
A
Kf = equivalent pipe friction coefficient.

The solution of Equationg (1) and (2) yields the two
following difference equations in operator form where ( ~ )
represents the Laplace transform:

na .
o
- — - Ty o
P, + A Z W, + Pye +{€ Z W, (4)
= s
where A
2
A = -Js + gKp S | , (5)
Writing Equation (5) ag,
%
M= S (1 + KeBy | (6)
S
and noting that,
R ,
(1 +. %8 y2 o o1y KB (7)
S 25 : :

Retaining only the first two terms of the expansion, Eguation

(£) becomes

A= S*-}%—% TR | (8)

Using Equation (8) in Equations (3) and (4) yilelds

- - “,K 3’T' w'rﬁ ol mq“s
Py + 2 Wy (14 758) = W&%E‘ | <1+W§§gi )
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hand e - _”K g-@?’ . 4 o
Ptz (14 5By =6 Tx Ege“’""% A A T80 4 ngﬁ (10)

25 2 25

P
7 =

Recalling that e =~  in the complex plane 1g equivalent

to a time delay "7" in the time domain, and (1 + “£8) may be
S

approached by an electronic network an analog simulation of

Eguations (9) and (10) is made and the presently used
apporoximation is shown in Figure 1. ,

Pl e , : > Py
C
—
—, - Time |
. Delay Delay |
¢ T T i
, W
: N 3y 2
W, @ \
1 IFFigure 1.

A more detailed description of the time delay concept and
device 1s given later. '

Figure 1 characterizes one line segment for a prescribed
impedance z and admittance Y. A useful practical condition
arises when P1 is the supply tank presgsure (or other source

of constant pressure) and one is not interested in Wl, then

Figure 1 reduces to Figure 2.

Refi
Voltage

Time
Delay
2T

figure 2.
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The simulation shown in Figure 2 has been used extensively
and hasg proven to agree very well with experimental results.
N - f I3 @ s
The capacilance values "C" must be empirically determined.

VALVE INJECTbR SIMULATION

Propellant flow rate is assumed to be given by

L W o= P, - P -~ K W
—— c
Ag
where:
K = 1
2. 2
2 g CD Av

In the present simulation C, is assumed constant. Since

D
a finite time is-required to open the valve, ”AV” is zero at

t = 0 and increases linearly to its nominal value in ”tv” sec,
the opening time. Injector fill time is simulated by delaying
the flow rate to the combustion chamber entrance, or to the
injector orifice outlet by a timeTy . This is the time

required to produce a volumetric flow (using the internal
injector impedance) equal to the volume of the 1n3ector The-
gimulation of this loop is chown in Figure 3.

P

c

i \ ,
Injector e ,
Fill Time h\x\\\x\ //;;;\\\ ‘b

| P e V///// \\i:// ’ :

2
Mul = Square
A(t)

[
;w@% F§m Valve Opening Time

e

Figure 3
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TIME DELAY DEVICE

Pressure waves travel at a known velocity down a pipe.
Hence a finite time (7 seconds ) is required. for the valve
to reach the opposite end and 7 seconds will be required for
ite return. If the magnitude of the wave is constant or
doeg not vary during transit, it will be reflected back with
the same intensity as it had when transmitted. Thus if a °
wave 1g gent down a pipe 2 7 seconds will be redquired for
ita return. The transmitter only knows what is happening
at the present time. Hence if P (t) reprecsents the pressure
at the present time and 2 7 sgeconds must laps before the
return of the preview wave, the actual pressure at the present
time will always be equal to the pressure 27 seconds earlier.
An event of this type may be represented as follows:

Pressure at ' ( Pressure at 2 T
Present Time

E second earlier
or in mathematical language

P (t) =0 for t less than 2T

P (t) =P (t -2T) for t greater than 27T

A time delay device performe this process. A disturbance is
put into the device and the same disturbance comes out of the
device but delayed by 27T seconds. If an attenuation factor
k 1is known, by calculation or test, then the formula becomes

i

P (t) =0 fort £2T

P(t) =k P(t-2T); fort > 2T

It must be remembered however that the characteristic velocity
(speed of sound, if one assumes that the pressure travels at
~sonic speed along the pipe) must be constant. When the
elasticity of the pipe 1s considered the wave will travel at

a gpeed congiderably less than the sonic speed,

Time delay computers are avalilable and are used extensively
for the analysis of rocket engineg here at Bell.
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ATTACHMENT ITI-C

THERMOCHEMICAL DATA

Thermochemical calculations are usually in a form from
which the several derivatives or slopes required for
evaluation of Equation (8) may readily be determined. In
particular this has been done for the N204/50~5O UDMH—NEHM

combination, and results are presented in the following
figures. Figure 1 shows T and C¥* versus r, curve. Figure 2

shows pT/ﬁrC versus r, (note the change in sign for rcf>2);

This sign inversion becomes significant since in Equation (8)
Attachment III-D the second term on the right becomes negative.
The magnitude of PC ig a function of the sign of this parameter.
For t = O+ the positive gign implies fuel lead, while the
negative sign implies oxidizer lead. Physically this means

that 1f MC is large enough, fuel lead will yield high PC for

t = 0+ while oxidizer lead yields more moderate values. This

ig a plausible explanation of the tendency of hard starts
(spiking ) to be associated with fuel lead.

Note further that if Mc ig gmall enough or if fc is smgll
gt t = O+ the theoretical hard start condition may be removed.
The forementioned conclusions have been verified experimentally.

Figure 3 shows ZI”/ger versus r, and indicates a sign
change at r, = 1.3, For fuel lead or fuel-rich mixture the
cslope ig positive, hence stabiliging; for oxidizer lead or
oxidiger-rich mixture the slope is negative, or desgtabilizing.
The magnitude is also-a function of Pc'

Figure 4 shows PC versus £ for various mixture ratios and
indicateg that ‘QPC/Z P is practically independent of mixture
ratio for r, > 1. and 0.2 £ 0.07.

The previously described data are used to evaluate engine
performance and stability boundariles. :

136



TH. EXHAUST
VELOCITY
FT/SEC.

5500 ' // \\\

5000 |
4 \
4509”/’,(/’ - - \

|
0.1 0.5 1.0 5 10
MIXTURE RATIO

6000 | |
5000 [ N
TH.COMB. / N\

TEMP. 4000 / \

3000 —— |/

zooo——r”’//

0. 0.5 1.0 5.0 10.0
MIXTURE RATIO |

FIGURE |

137



4000

2000!

\,~0T/0r vs R

I

°R
o

4000
og 2000

O

0O 0.51.0 5.010.0

MIXTURE RATIO

L4

. |
kfac*/ar

-

ve ¥

Y

L —

e

O 0.51.0 5.010.0
MIXTURE RATIO

FIGURE 2

138




P.=50 _
L S
dp /dr 1P =100
-0.04 !‘/ ‘
i |
1
| TP =120
~0.08 ,/ c ~
o) [ 2

MIXTURE RATIO

FIGURE 3

139



240

r=1(.5 1.5 ';
rel.O 2-§
P %0 /%
.-
LB/IN.2 /??\ rs0.5
80 p 7
7 [\re=2.6

0
0.01 0.03 0.05 0.07 0.09
p-LB/FTI

FIGURE 4

140



BELL AEROSPACE COMPANY

ATTACHMENT III-D

A, DERIVATION OF EQUATIONS

Primary consideration will be given to obtaining chamber
pressure time response as well as low frequency stability char-
acteristics. TFor the present, homogeneous mixing throughout the
chamber is assumed. The perturbed chamber pressure variation is
agssumed to be the sum of other parameter variations and 1is
written as:

2 M yEA 2‘7_" JC*

The equilibrium equation or equation of state 1s assumed
to be defined by a modified version of the perfect gas law. This
modified version is used since static conditions do not exist in
the chamber as a result of chemical reaction and flow through the
chamber. The equation 1s written as:

PC V=MRT

1
or more generally

p,(¢) v=rM, (t-T. ) °T (tu—’Tt) (2)

m

Thelrt term is a time delay function and implies that pv at the
present time equails Me RT at T, units of time earlier. (See
Attachment IITI-B) This approach allows one to study the process
by Varying’rt which is an indlication of thermal and combustion
lages in the chemlcal process.

Dividing Equation 1 by At and assuming,

1lim A Pe = d Pe
AT wo T
yields
P —»Pc M.+ 9P, T +3P/+3P C* (3)
C C —=C G LS e
. jjm;”‘ 2T 3:” JC*
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Thermochemical calculations have shown that temperature variation
is strongly influenced by mixture ratlo. This variation is
approximated as,

AT = £ (r,) = 3T Args v = o  (ratio by mass) (4)
arc | Wf

Equation (4) with respect to time becomes

T = T fc (5)
DT,

Similarly we have

2T,
ard
c* pcx P (7)
C
AT,

combining Equations (2), (3), {(4) and (5) with Equation (1)
yields: ) _ I

éc _ %;_ MC (¢ =T ) T+ M, (t-7) %g (8)
p T, ,
. Eﬂ bPC + Vv ZPC DC* ];C

v v
R gr. ¥ Ropc* g1,

Observation reveals that the partial derivative terms on
the right of Equation (8) are the slopes of curves available from
thermochemical calculations. These slopes may readily be obtained
Attachment ITI-C and used as data inputs to the computer required
for obtaining Pe (t).

It must be emphasized here that mixture ratic in Equation
(8) is defined as the mass ratio of oxidizer to fuel concentration
in the chamber and not the mass flow rate ratio as the more con-
ventional definition implies, This definition is important for
twe reasong: First, the therwmochemical calculatilions are based on
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the definition, and second, extreme flucltuations in mixture
ratio may exist in the chamber while the average flow rate
deviation in the liquld state 1is negligible. The latter reason
may be better understood when one recallsg that the actual mass
in the chamber, from which combustion characteristics are obtained,
is quite small., Consequently, small fluctuations in liquid

flow rates in the injector are capable of producing large instan-
taneous changes 1in mixture ratio in the chamber. The distinction
ig also important when fuel lead and oxldizer lead effects are
evaluated,

B. PROPELLANT FLOW EQUATTIONS

Continuity and mass conservation demands
M. = Mt - MC ‘s (9)
Assuming the nozzle 1s choked for the entire process
Mo = Ag P (t - T (10)

*
Using (9) and (10) we have

J[ﬂ[j P, (¢t ~‘Té] dt (11)

Flow through the injector for oxidizer and fuel
respectively 1is gilven as:

MoT = K, (APio)a MfT = K, (ﬁPif)b (12)
a# b =1l/2
By definition:
MC = Mgt 1\./Ifc (13)
Mg = Mo + Mo (14)
v = w%%_ (;9> . Wy *WPC W (15)
£ £
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C. SCHEMATIC OF ANALOG SIMULATION

A schematic diagram of the analog simulation 1s shown in
Figure 5. The figure as shown represents a "module'" since the
line dynamics are represented in a form suitable for attachment
to another propellant line yielding a model suitable for multi-
engline system analysis. The stability derivatives occurring in
Equation (8) were inserted in the analog loop by use of function
generators available for this purpose. Time delay modules
were used to simulate time delay effects in the supply line
dynamics and thermodynamic loop. The resulting major loop
(module) 1s employed to investigate step response as well as low
frequency instability. ‘

This module concept has been used for evaluation of
coupling in multi-engine systems.
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ATTACHMENT III-E

FUEL DISTURBANCE SENSITIVITY (MATHEMATICAT, EXPLANATION )

Experience has shown that intermittant flow' disturbances
in the fuel feed line produces chamber pressure oscilllations,
The equations will now be examined to determine whether some
information may be obtained which will explain this phenomena.

Assume that the engine is operating in the steady-state,
or r = 0, Then PC becomes,

V.1 P.=R W, T
, v
Since the system 1is in the steady state

(2) W, (& - t,) =W, (¢)
(b) W, (£ - t.) =W (t)
(e) P, (t - t) =P, (t)

consequently WC is given as

Ve W o= -gft P where W=W_ + W
] ——'-é‘_)‘g‘C C f

Using V.2 in V.1 and simplifying ylelds,

V.3 7“PC + P, =K

where: T = Ve* K = WC¥
RghA, ’ RgAt
Since, (imposing conditions V.1 (a), (b) and (c))
VA ro = Mo - T We = 1 [%o - T Wy
W W
£ v
or

[
>
DN
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And

V.5 W, r, +r, = W (a first order differential
W

"7 equation)
i Wf

Notice that We in Equation V.5 is the weight concentration

of propellant in the chamber., If fc = 0 we then have the iden-
tity re = reo. If Wy is.perturbed the identify still holds
r = r . Thus varyling W_ produces a small change 1in r,. However,

i¥ We s disturbed, then r. at any subsequent time must be determined
by solv1ng the flrst order differential equation. As an example,
if We 1s a "time" constant, equatlon V.5 may then be written as,

T
v.e Ti+ +r =7
c c
where T = ﬁ£
We
W, = r (the time average mixture ratio).
Wf

Note that in the stéady state, r, = 0, we have

r =T
c

or the mixture ratio by welght in the chamber does indeed equal
the average mixture ratio,

T.et us now assume that r, is capable of changing more
rapid than T so much so that T may be assumed constant as rg,
is disturbed. This is equivalent to assuming that large
instantaneous changes may be made in very short time intervals
in r, with 1little or negligible change in average mixture rate
weak function compared to T, or that T is "almost" constant the
solution to the dlfferentlal equation V.6 becones,

V.7 r, = T+ C oe- 1 ¢

T

where C 18 an arbitrary constant,
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To obtain an estimate of C differentiate Equation V.7
and assume for initial condition, r, = 0 when t = O, we have,

c =TT
Equation V.7 now becomes,
—_— o agL
v.8 r, =71+ Tr € 7

For this linearized condition the mixture ratio by
weight in the chamber is related to the average mixture ratio in a
peculiar manner. The time constant T which governs the nature
of transient response as given by Equation V.8 is ingependgnt
of the oxidizer properties which appear only in the r and T
terms. Thus for an oxidizer disturbance, T is not grossly
affected and the resulting r. change as a function of time will
be mild, However, 1if a disturbance occurs in the fuel line ¥ is
altered and subsequently the magnitude and decay rate are -
affected resulting in a more drastic change in r., or a dynamic
situation is initiated. This discussion gives a rather weak
mathematical pilcture of the phenomena, but tends to agree with
observed data.
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